1. Body composition in infancy {#sec1-nutrients-12-00920}
==============================

In 1858, Albert von Bezold first chemically analysed a stillborn infant \[[@B1-nutrients-12-00920]\]. Since then, there has been great interest in understanding how an infant's body composition evolves as it grows. While a healthy infant is born with 10--15% body fat, this percentage doubles by six months of age, and slowly decreases thereafter until adiposity rebounds, typically around age six years \[[@B2-nutrients-12-00920],[@B3-nutrients-12-00920],[@B4-nutrients-12-00920]\]. However, this is highly variable, with a number of early life factors influencing adiposity \[[@B5-nutrients-12-00920],[@B6-nutrients-12-00920],[@B7-nutrients-12-00920],[@B8-nutrients-12-00920],[@B9-nutrients-12-00920],[@B10-nutrients-12-00920],[@B11-nutrients-12-00920]\]. In addition to changes in fat mass during infancy, total body water as a percentage of body weight decreases from approximately 80% to 60% across the first year of life. This decrease in total body water is accompanied by changes in the proportion of intra- and extracellular water, alongside increases in osseous mineral \[[@B2-nutrients-12-00920],[@B3-nutrients-12-00920]\]; meaning that while adults maintain a constant hydration of fat-free mass (73%) \[[@B12-nutrients-12-00920]\], this varies during infancy. Reference data from Fomon \[[@B2-nutrients-12-00920]\] and Butte \[[@B3-nutrients-12-00920]\] suggest that the hydration of fat-free mass ranges between 83% and 79% in the first year of life. This is important, as techniques that assess body composition in infancy rely on reference data to inform prediction rather than directly measure body composition.

2. Moving Away from a Two-Compartment Model {#sec2-nutrients-12-00920}
===========================================

While von Bezold directly analysed body composition using cadaveric chemical analysis, it goes without saying that the destructive nature of this technique prohibits its use in standard practice. Instead, clinicians and researchers must rely on indirect measures. These techniques typically divide the body into two notional compartments---fat mass and fat-free mass ([Figure 1](#nutrients-12-00920-f001){ref-type="fig"}) \[[@B13-nutrients-12-00920]\]---while assuming that the composition of the fat-free mass compartment is constant. The fat-free mass compartment contains total body protein, osseous and non-osseous mineral, intra- and extracellular water, and marginal amounts of essential lipid and glycogen. As these components are known to change as an infant ages, information from reference infants is used in predicting body composition. However, this process is imperfect. The calculations assume that the reference data is both "true" and relevant to all infants. Given the number of assumptions that were involved in developing the references \[[@B14-nutrients-12-00920]\], and the variable nature of body composition, for example, based on ethnicity \[[@B15-nutrients-12-00920],[@B16-nutrients-12-00920],[@B17-nutrients-12-00920]\], one must question the validity of techniques which rely on these reference values and associated assumptions.

A four-component model is considered the "gold-standard" technique for assessing body composition in infancy ([Figure 1](#nutrients-12-00920-f001){ref-type="fig"}) \[[@B18-nutrients-12-00920]\]. A multi-component model removes some uncertainty around the composition of the fat-free mass compartment in an individual. This is done by measuring total body water by isotope dilution, bone mineral content by dual-energy X-ray absorptiometry, and body density by air displacement plethysmography. This information is then input into a formula such as Lohman's to determine body fat percentage \[[@B19-nutrients-12-00920]\]. The technique is time- and resource-intensive, and requires a great deal of cooperation from the infant. Thus, the technique is seldom used \[[@B3-nutrients-12-00920]\].

3. Bioelectrical Impedance Analysis---An Inexpensive, Portable and Easy Tool {#sec3-nutrients-12-00920}
============================================================================

Bioelectrical impedance analysis is a technique that measures the opposition (impedance) to a harmless alternating electrical current as it passes through the body's water pool typically between upper to lower limbs. The technique has long been used to assess body water, and in 1985 Lukaski et al. \[[@B20-nutrients-12-00920]\] first used bioimpedance to assess fat-free mass in healthy adults. Since then, there has been an exponential increase in the number of publications per year related to the technology \[[@B21-nutrients-12-00920]\]. Despite its increase in popularity, bioelectrical impedance remains infrequently used in infancy, with techniques such as air displacement plethysmography (i.e., the PEA POD Infant Body Composition System) predominating. This is perhaps due to the need to develop population-specific prediction equations and the purported poor accuracy of the technique. However, technological advancements mean that impedance can now be measured over a broad range of frequencies, with bioelectrical impedance spectroscopy offering advantages over single- and multiple-frequency bioimpedance devices. Bioelectrical impedance spectroscopy can better distinguish between the impedance of intra- and extracellular fluid compartments \[[@B22-nutrients-12-00920],[@B23-nutrients-12-00920]\]. Furthermore, the use of these impedances in combination with Cole modelling and Hanai mixture theory means that population-specific predictors are not required \[[@B24-nutrients-12-00920],[@B25-nutrients-12-00920]\]. However, it is unclear how the resistivity coefficients used in these modelling equations change as an infant grows \[[@B26-nutrients-12-00920]\], therefore the inclusion of population-specific adjustments is thought to increase accuracy at the individual level \[[@B27-nutrients-12-00920]\]. Despite this, to date, bioelectrical impedance spectroscopy has seldom been used to assess body composition in infancy \[[@B28-nutrients-12-00920],[@B29-nutrients-12-00920],[@B30-nutrients-12-00920],[@B31-nutrients-12-00920]\]. Indeed, recent studies frequently rely on older previously published single-frequency bioimpedance predictive equations, for example those by Kushner et al. \[[@B32-nutrients-12-00920]\], to inform prediction of body composition among their participants \[[@B33-nutrients-12-00920],[@B34-nutrients-12-00920]\].

Collins et al. \[[@B28-nutrients-12-00920]\] developed resistivity coefficients for use in Hanai mixture theory from 99 preterm infants at three weeks of age using deuterium and bromide dilution as reference standards. While the predicted values from bioelectrical impedance spectroscopy correlated well with those from the criterion methods, when internally validated there were small biases but large limits of agreement (total body water (TBW): −0.6% (36% to −37%); extracellular fluid (ECF): −4.0% (32% to −39%)), suggesting the technique may not be suitable at the individual level in this age group.

Lingwood and colleagues \[[@B29-nutrients-12-00920]\] were the first to use bioimpedance spectroscopy to assess fat-free mass in infancy. The authors developed predictive equations using the PEA POD as a reference standard among 77, 54, 55, and 53 infants at birth, six weeks, three months, and 4.5 months of age, respectively. Overall, impedance added little to the predictive power of the equations, however, predictive power improved with increasing age. Indeed, the inclusion of impedance values showed improvements in prediction beyond standard anthropometry only in those infants aged over three months.

Tint et al. \[[@B30-nutrients-12-00920]\] developed predictive equations from 173 and 140 Singaporean neonates at birth and at two weeks of age, respectively. The authors found minimal correlation between fat-free mass and impedance at birth (*R* = −0.204, *p* = 0.007), however, this improved in the older infants (*R* = −0.438, *p* \< 0.001). When cross-validated with Lingwood et al.'s \[[@B29-nutrients-12-00920]\] cohort, the predictive equations performed similarly only when the infants were age-matched. Likewise, Gridneva et al. \[[@B31-nutrients-12-00920]\] found that the performance of bioelectrical impedance equations was strongly influenced by whether there was an appropriate age-match for their population of infants. It should be noted that both Tint et al. \[[@B30-nutrients-12-00920]\] and Gridneva et al. \[[@B31-nutrients-12-00920]\] used resistance at 50 kHz, as is standard with single frequency bioimpedance devices. Lingwood et al. \[[@B29-nutrients-12-00920]\], however, found better prediction of fat-free mass when using other impedance values, for example, impedance at the characteristic frequency (Zc) and resistance at zero frequency (R~0~). Thus, bioelectrical impedance spectroscopy remains largely unexplored for measuring fat-free mass in infancy.

The aforementioned techniques of single- and multi-frequency bioimpedance analysis, although widely used, have been reviewed extensively elsewhere \[[@B18-nutrients-12-00920],[@B26-nutrients-12-00920]\]. Likewise, bioelectrical impedance vector analysis (BIVA), a technique which involves plotting bioimpedance parameters against a reference ellipse, but does not allow for the absolute quatification of body composition, is beyond the scope of this paper. We direct the reader to Toffano et al.'s \[[@B35-nutrients-12-00920]\] article.

4. Limitations of Bioelectrical Impedance Technologies {#sec4-nutrients-12-00920}
======================================================

4.1. Is it Actually That Easy? {#sec4dot1-nutrients-12-00920}
------------------------------

Recently, the relevant literature was reviewed and a general lack of standardization, or reporting of such standardization, was noted in articles related to bioelectrical impedance analysis (BIA) \[[@B36-nutrients-12-00920]\]. Rather, several articles include broad statements akin to "duplicate measurements were taken with subjects lying in the supine position with electrodes placed on the left side of the body on the hands and feet". This is unsurprising, as the technique's ease of use may give the user a false sense of confidence, and without adequate understanding of the technology, there may be an under-appreciation of the long list of factors that may influence measurements \[[@B37-nutrients-12-00920]\]. While formal guidelines exist for use in adults, currently none exist for use in paediatric populations \[[@B38-nutrients-12-00920],[@B39-nutrients-12-00920]\].

4.2. A Call for Standardization {#sec4dot2-nutrients-12-00920}
-------------------------------

In recognition of a lack of standardization of methodology Brantlov and colleagues \[[@B37-nutrients-12-00920]\] reviewed the literature and identified a number of critical factors that are known to, or may, influence bioimpedance measurements in children. The authors called on international societies to develop consensus guidelines for standardization but recommended the review be used in planning future studies in the interim. [Table 1](#nutrients-12-00920-t001){ref-type="table"} summarises these factors.

While the review included literature relevant to all paediatric populations, special considerations apply during infancy. Questions remain regarding the impact and feasibility of several of the guidelines in a population known for their poor compliance and great inter-individual variation. These include:What is the optimal size and placement of electrodes?Can "normal" hydration be standardized?How does time spent supine influence water distribution within the body?

### 4.2.1. Electrodes {#sec4dot2dot1-nutrients-12-00920}

While adult guidelines dictate that electrodes of at least 4 cm^2^ be placed at least 5 cm apart, on the hands and feet (if doing whole-body analysis), in infants this is not feasible due to their small size. Some authors have addressed this by cutting the electrodes in half \[[@B28-nutrients-12-00920],[@B40-nutrients-12-00920],[@B41-nutrients-12-00920],[@B42-nutrients-12-00920]\], contrary to manufacturer's recommendations \[[@B43-nutrients-12-00920],[@B44-nutrients-12-00920]\]. The impact of electrode modification has not yet been elucidated, however, one manufacturer claims that the larger surface area is required to obtain an accurate reading in dual and multi-frequency devices \[[@B44-nutrients-12-00920]\], although Svensson et al. \[[@B45-nutrients-12-00920]\] found that using half-size electrodes made less than 1% difference to measured resistance. In contrast, several groups have investigated whether placement of the sense and source electrodes within 5 cm of each other influences impedance measurements in infants. The National Institutes of Health guidelines state that a 1 cm displacement of electrodes can result in a 2% change in resistance \[[@B38-nutrients-12-00920]\]. While some support this notion and have found that impedance values are significantly impacted by inter-electrode distance \[[@B41-nutrients-12-00920],[@B46-nutrients-12-00920]\], Sesmero et al. \[[@B47-nutrients-12-00920]\] found that while inter-electrode distance impacted on resistance at high frequencies, there was little consequence at low frequencies. This is significant as others have found that resistance at R~0~ has the best predictive ability for determining body composition in infancy, likely related to the greater variability in impedance which is observed at the high frequency end \[[@B29-nutrients-12-00920]\]. In addition to the effects of inter-electrode distance, the intrinsic impedance of electrodes may influence impedance measurements \[[@B45-nutrients-12-00920],[@B48-nutrients-12-00920]\]. While guidelines support the use of device-specific electrodes \[[@B39-nutrients-12-00920]\], research suggests that electrodes can be substituted so long as there is not an electrode mismatch \[[@B45-nutrients-12-00920],[@B49-nutrients-12-00920],[@B50-nutrients-12-00920],[@B51-nutrients-12-00920],[@B52-nutrients-12-00920]\].

### 4.2.2. Hydration {#sec4dot2dot2-nutrients-12-00920}

It is well established that hydration influences bioimpedance measurements, however, standardizing factors that influence hydration may prove challenging in infants. Compounding this, hydration is highly variable during this period, complicating the establishment of normal hydration. While in adults it is recommended that bioelectrical impedance analysis be conducted in a fasted state \[[@B38-nutrients-12-00920],[@B39-nutrients-12-00920]\], this is neither feasible nor ethical in infancy. Sesmero et al. \[[@B47-nutrients-12-00920]\] demonstrated that time after consumption of milk influenced impedance values, with no effect of milk volume. Although overall the effect of fasting was minimal, this varied based on the age of the infant. Gridneva et al. \[[@B53-nutrients-12-00920]\] found that while changes in impedance values were apparent between pre- and post-feed measurements, these were not statistically significant, and this remained true across infants of all ages (2, 5, 9 and 12 months). Thus, it is unclear whether feeding may influence measurements in infancy, and given these conflicting results, more research is required to establish the magnitude of the effects of fasting versus feeding. In addition, it is recommended that individuals void prior to measurement as this has been related to a 1.0% error in measurements in adults \[[@B54-nutrients-12-00920]\]. However, while standardizing fasting in infancy is challenging, standardizing voiding is near impossible. Though standardization of the factors influencing hydration may not be feasible, improved reporting and further research may lead to a better understanding of the significance of these factors.

### 4.2.3. Movement {#sec4dot2dot3-nutrients-12-00920}

In addition to being in a hydrated state, bioelectrical impedance analysis guidelines in adults dictate that subjects should obstain from exercise for several hours prior to measurement \[[@B38-nutrients-12-00920],[@B39-nutrients-12-00920]\]. Although infants are relatively sedentary, accelerometry data has recently highlighted that infants are increasingly active as they age \[[@B55-nutrients-12-00920]\]. Currently, no research has explored the influence of infant physical activity on impedance measurements, however, effects are likely mitigated by time spent supine. In adults, guidelines dictate that subjects should be supine for 4--10 min prior to assessment \[[@B38-nutrients-12-00920],[@B39-nutrients-12-00920]\] as time spent supine can influence impedance values \[[@B56-nutrients-12-00920]\]. It takes approximately five min for fluid stabilisation to occur to allow measurement of total body water \[[@B57-nutrients-12-00920]\], and extended periods are required in order to establish extra- and intracellular fluid stabilisation \[[@B57-nutrients-12-00920],[@B58-nutrients-12-00920]\]. Of course, this is not always feasible with infants, and the effects of body position need to be elucidated, particularly given the greater variability in water distribution that is observed in this population. Subjects are also required to be relaxed during measurement, as movement artefact has been found to affect impedance values in infants, with increased movement translating to increased resistance \[[@B47-nutrients-12-00920]\]. While movement artefact may be limited by wrapping the infant in a blanket, Sesmero and colleagues \[[@B47-nutrients-12-00920]\] found swaddling increased resistance values compared to when the infant was unrestrained. Of course, this approach requires great care to ensure correct abduction of the limbs is maintained as skin-to-skin contact has been associated with error ranging from 18% to 43% in adults \[[@B56-nutrients-12-00920]\]. Although not always feasible, an alternative approach for limiting movement during measurement is to take the measurement while the infant is asleep. Fortunately, while achieving optimal measurements may be challenging, those known to be confounded by movement can easily be discarded.

4.3. Validating against a TRUE Criterion Method {#sec4dot3-nutrients-12-00920}
-----------------------------------------------

While bioelectrical impedance analysis is often criticised for poor accuracy, Ward \[[@B21-nutrients-12-00920]\] noted that no technique is free of error, and researchers may be expecting performance beyond the limits of a device which is simply measuring the resistance to a current. Indeed, the small bias and large limits of agreement often seen with bioimpedance are not dissimilar to the techniques it is validated against, for example, the PEA POD \[[@B29-nutrients-12-00920],[@B59-nutrients-12-00920]\]. Given that body composition is so variable during infancy, multi-component models are considered "gold-standard" and should be used to validate new, simpler technologies \[[@B18-nutrients-12-00920]\]. Despite this, bioelectrical impedance analysis has not been validated against a multi-component model in infants, nor have several of the tools it is commonly validated against. For example, while dual-energy X-ray absorptiometry has been validated against a four-component model in adults \[[@B60-nutrients-12-00920]\], adolescents \[[@B61-nutrients-12-00920],[@B62-nutrients-12-00920],[@B63-nutrients-12-00920],[@B64-nutrients-12-00920]\], and children \[[@B61-nutrients-12-00920],[@B62-nutrients-12-00920]\], this has not been carried out in infants. Likewise, although the PEA POD has been validated against a four-component model \[[@B59-nutrients-12-00920]\], this was completed using fat-free mass density data from Butte's reference. Despite this, several studies using the PEA POD have relied on density data from Fomon's reference \[[@B29-nutrients-12-00920],[@B65-nutrients-12-00920],[@B66-nutrients-12-00920],[@B67-nutrients-12-00920],[@B68-nutrients-12-00920],[@B69-nutrients-12-00920],[@B70-nutrients-12-00920]\]. This may, in part, be due to research that has found better alignment with isotope dilution when using Fomon's reference compared to Butte's \[[@B65-nutrients-12-00920],[@B67-nutrients-12-00920],[@B71-nutrients-12-00920]\].

5. Concluding Remarks {#sec5-nutrients-12-00920}
=====================

In a climate that is increasingly focused on the development of fat mass and evolving obesity, there is a need for an inexpensive, portable, and easy to use tool to assess body composition in infancy. Bioelectrical impedance analysis, notably spectroscopy, offers promise; however, to do the technology justice we need to move away from blindly accepting the numbers presented on the screen. We must work towards establishing clear standardized methodologies and reporting criteria, and accept the limitations of the technology. Future research should investigate the critical factors identified by Brantlov and colleagues \[[@B37-nutrients-12-00920]\], and groups using the technology in populations of infants should aim to standardize these factors where possible. Validation against true criterion methods is needed together with guidelines for standardized use in infancy.

Conceptualization, W.C. and J.L.-R.; writing---original draft preparation, J.L.-R..; writing---review and editing, L.C.W., W.C., T.K. All authors have read and agreed to the published version of the manuscript.

This research received no external funding.

Author Leigh Ward provides consultancy services to ImpediMed Ltd. ImpediMed Ltd. was not involved in the inception and conducting of this research or in the writing of the manuscript. The other authors declare no conflicts of interest.

![Components of a two-compartment and a four-compartment model of body composition. Abbreviations: FM, fat mass; FFM, fat-free mass; BMC, bone mineral content; TBW, total body water.](nutrients-12-00920-g001){#nutrients-12-00920-f001}

nutrients-12-00920-t001_Table 1

###### 

Critical factors of bioelectrical impedance analysis in children: are they achievable in infancy? Modified from Brantlov et al. \[[@B37-nutrients-12-00920]\].

  *Critical Factors*                                                                                                                                                                   Recommendations                                                                                                                              Achievable?
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------- -------------
  *Choice of BIA device*                                                                                                                                                               Use the same device consistently throughout the study.                                                                                       Y
  *Anthropometry*                                                                                                                                                                      Weight and height should be measured at ±0.1 kg and ±0.5 cm, respectively, and measured at the time of the BIA test.                         Y
  Weight should be measured naked.                                                                                                                                                     Y                                                                                                                                            
  Length should be measured with an infant measuring board, measuring mat or measuring rod.                                                                                            Y                                                                                                                                            
  Self-reported measurements should not be used.                                                                                                                                       Y                                                                                                                                            
  *Fasting*                                                                                                                                                                            Perform measurement after a fast of at least 4 h.                                                                                            N
  *Hydration*                                                                                                                                                                          Subjects should be normally hydrated.                                                                                                        N
  *Voiding*                                                                                                                                                                            Voiding should be done prior to measurement.                                                                                                 N
  *Exercise*                                                                                                                                                                           Intense physical activity should be limited for a minimum of four hours prior to measurement.                                                N
  *Clothing*                                                                                                                                                                           Ensure that no metals are in the clothing.                                                                                                   Y
  *Electrodes*                                                                                                                                                                         Use BIA electrodes supplied by the manufacturer.                                                                                             Y
  Use electrodes with a surface area ≥4 cm^2^.                                                                                                                                         N                                                                                                                                            
  *Skin preparation*                                                                                                                                                                   Clean with alcohol before placement of the electrodes.                                                                                       Y
  *Positioning of electrodes*                                                                                                                                                          Place at the dorsal surfaces of the wrist and ankle.                                                                                         Y
  Apply voltage electrodes at the midline between the prominent bone ends of the wrist and the ankle.                                                                                  Y                                                                                                                                            
  Place current electrodes 5 cm distal to these positions.                                                                                                                             N                                                                                                                                            
  Specify on which side of the body measurements are made.                                                                                                                             Y                                                                                                                                            
  *Body position*                                                                                                                                                                      Subjects should be supine for at least 4 -- 10 min before measurements are taken.                                                            N
  *Movement*                                                                                                                                                                           Subjects should be relaxed during measurements.                                                                                              N
  *Electrical interference*                                                                                                                                                            Arms and legs should be abducted within a 30--45° angle from the trunk.                                                                      Y
                                                                                                                                                                                       Measurements should be made on non-conductive surfaces.                                                                                      Y
  Ensure that the device cables are not touching the ground, subjects, metal objects, routed near high voltage equipment, are used in a neutral environment and are not intertwined.   Y                                                                                                                                            
  *Temperature*                                                                                                                                                                        Measurements should be taken at an ambient temperature.                                                                                      Y
  *Time of measurement*                                                                                                                                                                For longitudinal follow-up studies, measurements should be performed at the same time of day.                                                Y
  *Calibration*                                                                                                                                                                        Calibrate BIA device regularly.                                                                                                              Y
  *Operator*                                                                                                                                                                           Ensure proper training in order to get valid and reproducible measurements.                                                                  Y
  *Data quality*                                                                                                                                                                       Test of data quality should be performed by inspection of impedance values in BIA devices, and by inspection of Cole plots in BIS devices.   Y
  *Number of measurements*                                                                                                                                                             Measurements should be continued until stable values are achieved, measured to the nearest Ohm.                                              Y
  The average of a minimum of three repeated measurements should be calculated.                                                                                                        Y                                                                                                                                            

Abbreviations: Y, yes; N, no; BIA, bioelectrical impedance analysis; BIS, bioelectrical impedance spectroscopy.
